ABSTRACT: This study aimed to systematically investigate whether programmed necrosis contributes to H 2 O 2 -induced nucleus pulposus (NP) cells death and to further explore the underlying mechanism involved. Rat NP cells were subjected to different concentrations of H 2 O 2 for various time periods. The cell viability was measured using a cell counting kit-8, and the death rate was detected by Hoechst 33258/propidium iodide (PI) staining. The programmed necrosis-related molecules receptor-interacting protein 1 (RIP1), receptor-interacting protein 3 (RIP3), poly (ADP-ribose) polymerase (PARP), and apoptosis inducing factor (AIF) were determined by real-time polymerase chain reaction and Western blotting, respectively. The morphologic and ultrastructural changes were examined by phasecontrast microscopy and transmission electron microscopy (TEM). In addition, the necroptosis inhibitor Necrostatin-1 (Nec-1), the PARP inhibitor diphenyl-benzoquinone (DPQ) and small interfering RNA (siRNA) technology were used to indirectly evaluate programmed necrosis. Our results indicated that H 2 O 2 induced necrotic morphologic and ultrastructural changes and an elevated PI positive rate in NP cells; these effects were mediated by the upregulation of RIP1 and RIP3, hyperactivation of PARP, and translocation of AIF from mitochondria to nucleus. Additionally, NP cells necrosis was significantly attenuated by Nec-1, DPQ pretreatment and knockdown of RIP3 and AIF, while knockdown of RIP1 produced the opposite effects. In conclusion, these results suggested that under oxidative stress, RIP1/RIP3-mediated programmed necrosis, executed through the PARP-AIF pathway, played an important role in NP cell death. Protective strategies aiming to regulate programmed necrosis may exert a beneficial effect for NP cells survival, and ultimately retard intervertebral disc (IVD) degeneration. ß
Low back pain (LBP), as one of the most common diseases of the musculoskeletal system around the world, not only brings great pain to the patient but also gives rise to social and economic burdens. 1, 2 Currently, IVD degeneration (IVDD) is generally considered to be the main cause of LBP. 3 However, the pathogenesis of IVDD has not been clearly elucidated and currently no available therapeutic regimens can solve the problem fundamentally. 4 As a result, further clarification of the underlying mechanisms and exploration of new strategies to prevent and treat IVDD are of great significance.
The major feature of IVDD is the reduction of IVD cells, especially NP cells, of which programmed cell death (PCD) is proved to be the essential pathogenesis leading to the cell loss. 5 It is known for decades that there are two recognized modes of PCD, namely, apoptosis and autophagic cell death. 6 Previous studies have demonstrated the significant increase of apoptosis and autophagy in human degenerative discs. 7, 8 Apoptosis is characterized by apoptotic body formation, chromosomal condensation, and caspase activation. Autophagy is characterized by autophagosome formation. Moderate autophagy protects cells from various external stresses, while excessive autophagy leads to autophagic cell death. However, necrosis has not been regarded as a regulated cell death until recently mounting evidence has revealed that necrotic cell death can also proceed in a precisely regulated manner. 9, 10 In the absence of caspase family proteins, phosphorylated receptor interacting protein-1 (RIP1) interacts with receptor interacting protein-3 (RIP3) to form a necrosome, which then recruits mixed lineage kinase domain-like (MLKL), eventually resulting in programmed necrosis, addressed as necroptosis. 11 Necroptosis, first defined by Degterev et al., is an RIP1/RIP3/MLKL-dependent form of cell death and can be inhibited by necrostatin-1 (Nec-1), a specific inhibitor of RIP1 kinase. 12, 13 In addition to RIP1 and RIP3, it was recently reported that necroptosis can also be mediated by apoptosis inducing factor (AIF).
14 Under cellular stress conditions, the nucleus enzyme poly (ADP-ribose) polymerase (PARP) is activated to repair DNA damage, and the hyperactivation of PARP leads to the excessive generation of poly (ADP-ribose) (PAR), which is thought to rapidly exhaust intracellular nicotinamide adenine dinucleotide (NADþ) and ATP. 15 Subsequently, AIF is released from the depolarized mitochondria, translocates to the nucleus, and then binds with DNA to promote caspase-independent chromatinolysis.
Recently, an increasing number of published studies have disclosed that oxidative stress plays a causal role in the loss of IVD cells, which contributes significantly to the progression of IVDD. 20, 21 However, the definitive mechanism of NP cell death in response to oxidative stress remains to be further elucidated. Previous researches have established the presence of H 2 O 2 in IVD and have also recognized H 2 O 2 as an important inducer of oxidative stress in IVDD. 22, 23 As a common trigger of oxidative stress in vitro, H 2 O 2 has been widely applied to investigate the underlying mechanisms in IVD cells death. Currently, it have been confirmed that apoptosis and autophagy participate in the H 2 O 2 -induced NP cell death. 24 Nevertheless, there have been few studies about programmed necrosis or exploration of the relevant mechanisms in IVDD. In the present study, we extensively investigated programmed necrosis to determine whether it contributes to H 2 O 2 -induced NP cell death, and we further clarified the interaction between RIP1/RIP3 and PARP-AIF signaling in rat NP cells.
METHODS

Isolation and Culture of Rat NP Cells
The experiment was conducted according to the guidelines approved by the animal experimentation committee of Huazhong University of Science and Technology. Briefly, skeletally mature male Sprague-Dawley rats (3 months and 250-300 g) were acquired from the Experiment Animal Center of Tongji Medical College, Huazhong University of Science and Technology, China. The NP cells were extracted from rat lumbar NP tissues digested in 0.25% type II collagenase and monolayerly cultured in humidified atmosphere containing 5% CO 2 at 37˚C, as reported in our previously published study. 25 The second generation NP cells were used throughout the following experiments.
Cell Viability Measurement
A cell counting kit-8 (CCK-8, Dojindo, Japan) was employed according to the manufacturer's instructions to analyze cell viability. NP cells were seeded at a density of 5 Â 10 3 cells/ well in 96-well culture plates and incubated for 24 h. With or without Nec-1 pretreatment, different concentrations of H 2 O 2 were mixed into the medium and incubated for a variety of time periods. At the appropriate time points after treatment, 10 ml of CCK-8 reagent was added to each well, and then continuously incubated for 2 h at 37˚C. The cell viability was quantified by detecting the absorbance at 450 nm using a spectrophotometer (ELx808 Absorbance Microplate Reader, Bio-Tek, Winooski, VT).
Cell Death Ratio Detection
Annexin-V/propidium iodide (PI) (Nanjing Keygen Biotech, China)-fluorescein double staining was conducted as described in the manufacturer's protocol. Briefly, NP cells were collected by digestion and centrifugation, washed twice with phosphate buffered saline (PBS) and resuspended in 500 ml of binding buffer containing 5 ml of Annexin-V and 5 ml of PI, and then incubated for 15 min in the dark at room temperature. The ratio of PI positive cells (necrotic cells) was analyzed by flow cytometry (FCM, BD LSRII, Becton Dickinson).
NP cells were seeded and cultured in 24-well culture plates as stated above. The cells were stained with 10 mg/ml Hoechst 33258 (Sigma, St. Louis, MO) and 5 mg/ml PI (Sigma) for 10 min in the dark at room temperature, and then were observed and photographed under a confocal laser scanning microscope (LSM, Zeiss, Germany). Cells were calculated in each of six randomly selected microscopic fields per sample and the PI positive ratio was analyzed.
Transmission Electron Microscopy (TEM)
The ultrastructure of NP cells was examined by TEM performed as our previous study described with minor modifications. 26 The adherent cells were detached with a cell scraper and mixed with the floating cells in the media. Then, the collected cells suspension was centrifuged at 600g for 10 min and the supernatant was discarded. Subsequently, the pelleted cells were prefixed in 2.5% glutaraldehyde for 2 h and were then post-fixed in 1% osmium tetroxide for 2 h. After that, the cells were dehydrated with an ascending graded series of ethanol solutions, infiltrated and embedded in resin. The cells were stained with uranyl acetate and lead citrate, and ultrathin sections were examined with a Tecnai G 2 12 TEM (FEI Company, Holland).
Quantitative Real-Time Polymerase Chain Reaction (RT-PCR)
Total RNA from NP cells was isolated with Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations and reverse-transcribed to generate complementary DNA (cDNA). The primer sequences were designed and synthesized as follows: RIP1:
The RT-PCR assays were performed using SYBR Green mix (ToYobo, Japan) in a Step One Plus Real-Time PCR System (Applied Biosystems, CA). All data acquired were analyzed by the method of 2 ÀDDCT calculation using the ACTIN mRNA as control.
Western Blotting NP cells were lysed in RIPA Lysis Buffer (Beyotime, China) mixed with protease inhibitor phenylmethanesulfonyl fluoride (PMSF, Beyotime) and phosphatase inhibitor cocktail I (Sigma) to extract total protein. The protein concentrations were detected with a BCA protein assay kit (Beyotime, China). Total cells lysates were separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE, Nanjing Keygen Biotech, Nanjing, China), and transferred to polyvinylidene fluoride membranes (Amersham Biosciences). The membranes were blocked with 5% abovine serum albumin (BSA, Beyotime) and probed with primary antibodies aginst RIP1 (1:500, CST), RIP3 (1:500, Abcam, UK), phospho-PKA (p-PKA, 1:500, CST, Danvers, MA), phospho-RIP3 (p-RIP3, 1:500, Abcam, UK), PARP (1:500, Abcam, UK), PAR (1:500, Enzo), AIF (1:500, Abcam, UK), Caspase-3 (1:500, Abcam, UK), Caspase-8 (1:500, Abcam, UK), Caspase-9 (1:500, Abcam, UK), Bax (1:500, CST), Bcl-2 (1:500, Abcam, UK), and b-actin (1:5000, Abcam, UK). Then, the membranes were incubated with the respective secondary antibodies, and visualized using the enhanced chemiluminescence (ECL) reagent (Beyotime, China) according to the manufacturer's instructions. 
Reactive Oxygen Species (ROS) Analysis
According to our previous experiment, intracellular ROS production of NP cells was determined by fluorescent probe 2 0 -7 0 -dichlorodihydrofluorescein diacetate (H 2 DCF-DA, Sigma). 26 NP cells were harvested and incubated with H 2 DCF-DA for 30 min in the dark at 37˚C, and the mean fluorescence intensity (MFI) was measured by FCM. For the observation of ROS in situ, the NP cells were cultured in Petri dishes and stained as described above. Finally, the cells were observed under a fluorescence microscope (Olympus IX71, Japan).
Mitochondrial Membrane Potential (DCm) Analysis
As previously reported, DCm changes in NP cells was revealed by 5, 5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolycarbocyanine iodide (JC-1, Beyotime, China) staining. 5 NP cells were harvested and incubated in culture medium that contained JC-1 reagent for 20 min at 37˚C in the dark. Subsequently, the cells were washed with ice-cold staining buffer, resuspended in medium and analyzed by FCM. The values of DCm were expressed as the ratio of red fluorescence intensity to green fluorescence intensity. For the detection of DCm in situ, the NP cells were cultured in Petri dishes and stained for 30 min as depicted above. Finally, the cells were observed under a LSM.
PARP Activity Assay
The PARP activity in NP cells was measured using the PARP Universal Colorimetric Assay (Trevigen Inc., R&D Systems, Lille, France) following the manufacturer's protocol. NP cells were collected and lysed in PARP buffer that contained a mixture of 1% Triton X-100 and proteases inhibitors. The protein concentration was detected with Bradford assay. Then, cells lysates were used to determine the incorporation of biotinylated PAR onto histone proteins coated in a 96-well plate by measurement of the absorbance at 450 nm. PARP activity was represented as arbitrary units.
Transfection of Small Interfering RNA (siRNA)
The rat RIP1, RIP3, and AIF siRNA duplexes were designed and manufactured by Biomics (Biomics Biotechnologies Co. Ltd, China). The most effective sequences targeting RIP1, RIP3, and AIF were selected from there different sequences. 25 The sequences are RIP1:
0 . These siRNA oligonucleotides were transfected into NP cells using Lipofectamine RNAi MAX (Invitrogen) according to the manufacturer's recommendations, and 48 h later, these transfected cells were used for further study.
Immunofluorescence Labeling for AIF Translocation NP Cells were cultured in Petri dishes, washed with PBS and incubated with MitoTracker Green (Nanjing Keygen Biotech, China) for 30 min at 37˚C. Then, cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.2% Triton X-100 for 10 min. Next, cells were blocked in 1% BSA at room temperature for 30 min and incubated with primary antibody against AIF (1:100, Abcam, UK) at 4˚C overnight. Subsequently, cells were incubated with an Alexa Fluor-conjugated secondary antibody (1:200, Abcam, UK) for 1 h in the dark. Finally, the nuclei were counterstained with DAPI for 10 min and cells were visualized under a LSM.
Tunel and RIP1/3 Staining NP Cells were cultured in Petri dishes, washed with PBS, fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.2% Triton X-100 for 10 min. Next, cells were blocked in 1% BSA at room temperature for 30 min and incubated with primary antibodies against RIP1 (1:100, CST), RIP3 (1:100, Abcam, UK) overnight at 4˚C. Then, cells were incubated with Alexa Fluor-conjugated secondary antibodes (1:200, Abcam, UK) for 1 h in the dark. Afterwards, cells were blocked in 1% BSA at room temperature for 30 min and incubated with Tunel staining (Roche, Mannheim, Germany) for 1 h at 37˚C in the dark, according to the manufacturer's protocol. Finally, cells were counterstained with DAPI and analyzed by a LSM.
Statistical Analysis
The data obtained from at least three independent experiments were presented as the mean AE standard deviation (SD) and were analyzed statistically using SPSS version 20.0 (IBM Corp, New York, NY). Multiple comparisons of data were analyzed by one-way ANOVA, followed by the Tukey's post hoc test. Student's t-tests two-sided were also performed to analyze pairwise differences between groups. A p-value < 0.05 was considered statistically significant.
RESULTS
The Morphological Changes of NP Cells Treated with H 2 O 2
There were evident differences in NP cell morphology between different concentrations of H 2 O 2 : 0, 125, 250, and 500 mM. As the concentration of H 2 O 2 rose, NP cells gradually lost their normal morphology and became round in shape. After 500 mM H 2 O 2 treatment for 24 h, most cells shrank, detached from the plates, and demonstrated morphological changes indicating necrosis (Fig. 1A) .
As expected, pretreatment with 20 mM Nec-1 for 24 h can evidently attenuate H 2 O 2 -induced NP cell necrosis (Fig. 1B) . With the low (125 mM) and moderate (250 mM) doses of H 2 O 2 exposure, Nec-1 has an outstanding protective effect on NP cells. However , the cytotoxicity of the high (500 mM) dose of H 2 O 2 cannot be prevented by Nec-1. The NP cell morphological examination indicated that necroptosis at least partly accounts for NP cell death under oxidative stress.
Cell Viability of NP Cells Exposed to H 2 O 2 CCK-8 reagent was used to determine changes in cell viability. H 2 O 2 exhibited cytotoxicity in a dose-dependent PROGRAMMED NECROSIS IN NUCLEUS PULPOSUS manner from 0 to 500 mM and a time-dependent manner from 0 to 48 h (Fig. 1C and D) . The LC 50 (50% lethal concentration) of H 2 O 2 was approximately 250 mM and the median of the treatment period was 24 h. We divided the NP cells into two groups: one group was given Nec-1, while the other group was not. Then, the cells were exposed to 0, 125, 250, and 500mM H 2 O 2 for 24 h. The absorbance measurement illustrated that Nec-1 effectively improved NP cell viability at a concentration of 250 mM (p < 0.001, Fig. 1C ). Thus, 250 mM of H 2 O 2 and 24 h of treatment were used throughout all the following experiments.
Cell Death Ratio Analysis
To intuitively analyze whether Nec-1 can reduce NP cell death, Annexin-V/PI labeling was used to detect the dead cells. As shown in Figure 2A , H 2 O 2 could produce a definitive increase in the number of PI positive cells at a concentration of 250 mM for 24 h. The FCM results also revealed that Nec-1 pretreatment evidently reduced the number of PI positive cells (p < 0.05, Fig. 2B ). Additionally, the Hoechst 33258/PI staining assay strongly confirmed this protective role of Nec-1: with Nec-1 pretreatment, the PI positive cells (red fluorescence) was obviously decreased (p < 0.001, Fig. 2C and D) . Furthermore, the results of multi-color immunofluorescence for apoptotic Tunel and necroptotic RIP1 and RIP3 demonstrated that H 2 O 2 induced the increase of both Tunel positive cells and the expression levels of RIP1 and RIP3. And Nec-1 could markedly decrease the expression levels of RIP1 and RIP3, whereas had no influence on the number of Tunel positive cells (Fig. 2E) . Taken together, these results suggested that not only apoptosis but also necroptosis contributed to the death of NP cells subjected to H 2 O 2 treatment.
Observation of the Ultrastructure of NP Cells by TEM
With TEM, we examine whether the ultrastructural marks of NP cell death induced by H 2 O 2 could be restrained by Nec-1. As shown in Figure 3B , when exposed to H 2 O 2 , the NP cells exhibited severe vacuolation, massive mitochondrial damage, and disruption of the plasma membrane, which indicated the widespread existence of necrosis. In contrast, when pretreated with Nec-1 before H 2 O 2 exposure, the necrotic 
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morphological changes and ultrastructure collapse of the NP cells were improved significantly (Fig. 3C) . These results indicate that necroptosis may play an extremely important role in H 2 O 2 -induced NP cell death.
Detection of Necroptosis-Related Genes and Proteins by PCR and Western Blotting
The expression of necroptosis-related genes RIP1 and RIP3 were determined by PCR, and proteins RIP1, RIP3, phospho-RIP1 (p-RIP1), and phospho-RIP3 (p-RIP3) were determined by Western blotting. As shown in Figure 4A , the mRNA levels of RIP1 and RIP3 both significantly increased from the 0 to 250 mM groups and then decreased. The protein levels of RIP1 markedly elevated from the 125 to 500 mM groups versus the 0 mM group, but RIP3 evidently ascended at 125 mM group and then gradually declined (p < 0.05, Fig. 4B-E) . Not completely consistent with RIP1 and RIP3 variation trends, there were a concentration-related increase of p-RIP1 and p-RIP3 that peaked at 250 mM, and then both declined (p < 0.05, Fig. 4B-E) . The protein expression levels of RIP1, RIP3, p-RIP1, and p-RIP3 were positively correlated with NP cell necroptosis levels as mentioned above. All of the results above demonstrated that the roles of RIP1 and RIP3 might be extremely critical in the process of H 2 O 2 -induced programmed necrosis of NP cells. Accordingly, the immunohistochemistry detection in human IVD tissue indicated that the RIP1 and RIP3 expression of degenerative IVD increased obviously compared with that of normal IVD, which suggested the existence of necroptosis in vivo (Fig. S1 supplementary data).
H 2 O 2 -Induced NP Cell Death Is Inhibited by RIP3-siRNA but Not by RIP1-siRNA
We further investigated the effect of RIP1 and RIP3 knockdown on programmed necrosis of NP cells. NP cells were transfected with an selected RIP1-siRNA and RIP3-siRNA, which induced an evident decline in the RIP1 and RIP3 protein level, respectively ( Fig. 4F and G) . The transfected cells were cultured for 48 h and then exposed to H 2 O 2 for 24 h. In cells treated with RIP3-siRNA, the cytotoxicity and PI positive ratio significantly decreased compared with the untransfected cells (p < 0.001, Fig. 4H and I) . 
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Unexpectedly, in contrast to RIP3-siRNA, the NP cells treated with RIP1-siRNA revealed decreased viability and high cell death rates compared with the untransfected cells (p < 0.01, Fig. 4H and I ). These results indicate that RIP1 and RIP3 indeed play key roles in programmed necrosis.
Detection of Apoptosis-Related Proteins by Western Blotting
In order to more extensively identify necroptosis from apoptosis, we detected the level of apoptosis through evaluating associated markers. As is shown, the protein levels of Caspase-3 (Cas-3), -9 as well as Cleaved-Cas-3 (C-Cas-3), -9, and Bax increased in a dose-dependent manner; however, the levels of Cas-8, C-Cas-8, and Bcl-2 displayed opposite trends (Fig. 4J) . Moreover, the expression levels of C-Cas-3, p-RIP1 and p-RIP3 elevated in a time-dependent manner (Fig. 4K ). In addition, the pretreatment with Z-VAD-FMK (ZVAD) significantly induced the upregulation of p-RIP1 and p-RIP3 (Fig. 4L-N) . These results confirmed the involvement of apoptosis in H 2 O 2 -induced NP cells death, and revealed that the inhibition of apoptosis could contribute to the increase of necroptosis.
ROS and Mitochondria Involved in H 2 O 2 -Induced Programmed Necrosis of NP Cells
To further explore the underlying mechanism, intracellular ROS levels and the function of mitochondria were evaluated by FCM and immunofluorescence. As shown in Figure 5A and B (p < 0.001), FCM results demonstrated that the ROS level was obviously increased after H 2 O 2 treatment compared with the control group, while it could be decreased by Nec-1 pretreatment. The immunofluorescence results were consistent with those of the FCM (Fig. 5C) . Furthermore, the mitochondrial function of NP cells was analyzed in terms of DCm. As shown in Figure 5D and E (p < 0.05), FCM results demonstrated that the DCm was obviously decreased after H 2 O 2 treatment compared with the control group but that it could be increased by Nec-1 pretreatment.
The immunofluorescence results were also consistent with those of the FCM (Fig. 5F ). In comparison with Nec-1, the transfection of siRIP3 brings about the similar effect, while the transfection of siRIP1 leads to the opposite effect (Fig. S2 supplementary data) . These results suggested that ROS and mitochondrial dysfunction may be involved in H 2 O 2 -induced programmed necrosis of NP cells.
PARP-AIF Pathway Involved in RIP1/RIP3-Mediated Programmed Necrosis
In order to determine whether the PARP-AIF pathway is involved in H 2 O 2 -induced programmed necrosis, the PARP inhibitor DPQ was used to determine its effect on programmed necrosis. As is shown, pretreatment with DPQ evidently improved the viability and reduced the PI positive rate in NP cells exposed to Fig. 6A and B) . Additionally, the protein expression levels of PARP and AIF were measured by Western blotting. The protein level of PARP significantly decreased as the H 2 O 2 concentration increased from 0 to 500 mM, while the cleaved PARP (C-PARP) gradually increased (p < 0.05, Fig. 6C and D) . Furthermore, the protein level of PAR and the PARP activity both significantly increased as the H 2 O 2 concentration increased from 0 to 250 mM and then declined (p < 0.01, Fig. 6E and F) . In addition, the protein levels of mitochondrial AIF significantly decreased versus the 0 mM group from H 2 O 2 concentrations of 125 to 500 mM, while the nucleus AIF distinctly increased from H 2 O 2 concentrations 125 to 250 mM, and then declined (p < 0.05, Fig. 6G-I ). These results indicate that PARP-AIF pathway is involved in H 2 O 2 -induced programmed necrosis. Moreover, Nec-1 pretreatment obviously decreased the protein level of C-PARP and increased the protein level of PARP, but significantly reduced the PARP activity ( Fig. 7A and B) . Besides, RIP3-siRNA transfection before H 2 O 2 exposure decreased PARP activity while RIP1-siRNA transfection increased PARP activity (p < 0.05, Fig. 7C ). What's more, RIP3-siRNA transfection before H 2 O 2 exposure decreased the protein level of PARP and C-PARP while RIP1-siRNA transfection has no significant effect (Fig. 7D-F) . These results indicate that not only the protein expression level but also the catalytic activity of PARP are mediated by the specific RIP1 inhibitor Nec-1 and by RIP1/RIP3 knockdown.
Additionally, DPQ pretreatment obviously blocked the translocation of AIF from the mitochondria to the nucleus (p < 0.05, Fig. 7G-I ). We also measured the effect of AIF-siRNA on the programmed necrosis of NP cell. The NP cells were treated with three independent AIF-siRNAs, and two of them exhibited a marked decline in constitutive AIF level (Fig. 7J and K) . Subsequently, the most effective one of them (#3) was chosen to transfect NP cells, and 48 h later the transfected cells were exposed to H 2 O 2 for 24 h. In cells treated with AIF-siRNA, the cytotoxicity and PI positive ratio significantly decreased compared to the untransfected cells (p < 0.01, Fig. 7L and M) . These results indicate that AIF is involved in H 2 O 2 -induced cell necrosis, and that the translocation of AIF is mediated by the specific PARP inhibitor DPQ.
Collectively, these results suggest that the PARP-AIF pathway is indeed involved in RIP1/RIP3-mediated programmed necrosis of NP cells (Fig. 8) .
DISCUSSION
The degeneration of IVD, as a crucial contributor to LBP, is characterized by the loss of IVD cells, which is attributed to multiple factors, such as genetics, aging, oxidative stress, and mechanical stimuli. 27, 28 In this PROGRAMMED NECROSIS IN NUCLEUS PULPOSUS study, we found that programmed necrosis, mediated by RIP1/RIP3-PARP-AIF pathway, played a pivotal role in rat NP cell death under oxidative stress.
It has been well acknowledged that ROS, which are byproducts of normal cellular mitochondrial metabolism and homeostasis, act as essential signaling molecules. 29 However, excessive generation of ROS causes multiple types of oxidative stress damage. 30 Previous studies have confirmed that oxidative stress participates in a variety of pathological processes, such as osteoarthritis, osteoporosis, and IVDD. [31] [32] [33] As early as 1997, Schleicher ED et al. reported that increased accumulation of the N(epsilon)-(carboxymethyl)lysine, an endogenous biomarker for oxidative damage, was observed in IVD tissues in aging. 34 Subsequent researches established the existence of H 2 O 2 in IVD and recognized H 2 O 2 as an essential inducer of oxidative stress in IVDD. 22, 23 Abundant evidence has revealed that oxidative stress is implicated in various types of PCD including apoptosis, autophagic death, and necroptosis. [35] [36] [37] Recently, several articles demonstrated that oxidative stress caused by H 2 O 2 treatment induced NP cells to undergo apoptosis and autophagy. 21, 38 However, the protective effect through regulating apoptosis and autophagy is always barely satisfactory, which indicates that there may be other manners of cell death exist. [39] [40] [41] Programmed necrosis (referred as necroptosis), a newly identified PCD mode, is being extensively investigated at present. Necroptosis acts as a crucial player in a wide range of physiological and pathological processes including normal embryonic development and neurodegenerative diseases. 42, 43 Thus, we speculated that the response of programmed necrosis to oxidative stress in NP cells may be involved in the degeneration progress of the IVD.
In this study, our group discovered that H 2 O 2 induced necrotic morphological changes, decreased cell viability and increased cell necrosis ratio in NP cells in a dose-dependent and time-dependent manner. Furthermore, the necroptosis inhibitor Nec-1 can reverse these changes to a great extent. Highly consistent with the above results, the examination of NP cell ultrastructure exhibited typical indications of necrosis, The cells were transfected with the selected AIF-siRNA sequence for 48 h and then exposed to H 2 O 2 for 24 h. Cell viability and PI positive ratio were determined. The values are expressed as mean AE SD from three independent experiments ( Ã p < 0.05, ÃÃ p < 0.01, ÃÃÃ p < 0.001 vs. control).
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and Nec-1 almost reversed the ultrastructural collapse of the NP cells. Meanwhile, the mRNA and protein expression levels of RIP1 and RIP3 both increased with H 2 O 2 concentration. Taken together, these results demonstrate that RIP1/RIP3-dependent necroptosis is extremely likely to be involved in H 2 O 2 -induced NP cell death. As for the different trends of RIP1 and RIP3 expression, we speculate that this may be due to the multiple functions of RIP1 and RIP3 in cell physiology and pathology.
It is known that the classical RIP1-RIP3-MLKL signal pathway plays a vitally important role in necroptosis. 44 In addition, other atypical pathways, such as the RIP1-dependent, RIP3-dependent, and RIP3-MLKL pathways, can mediate necroptosis. [45] [46] [47] To further clarify the typical pathway involved in H 2 O 2 -induced necroptosis, the activated forms of RIP1 and RIP3, namely, phosphorylated RIP1 and RIP3, were also measured. The results indicated that the protein levels of p-RIP1 and p-RIP3 both increased significantly. Moreover, we applied RIP1-siRNA and RIP3-siRNA in our experiment. In coordination with expectations, the knockdown of RIP3 can effectively reduce the level of necroptosis. However, the knockdown of RIP1 induced higher cell viability loss and cell death rates. It may be attributed to the other basic function of RIP1, which can activate NF-kB signaling pathway to facilitate cell survival. 48 We speculate that the higher cell viability loss and cell death rate caused by RIP1-siRNA may result from the deletion of the pro-survival NF-kB signaling. That is to say, overexpression of RIP1 may lead to cell death, whereas normal expression of RIP1 may lead to cell survival. This subject merits more detailed investigation in our subsequent studies. Besides, the apoptosis-related makers were evaluated to more extensively identify necroptosis. The results verified the involvement of apoptosis in H 2 O 2 -induced NP cells death, and Figure 8 . Schematic diagram of the mechanism for RIP1/RIP3-PARP-AIF pathway. Upon tumor necrosis factor (TNF), TNF-related apoptosis-inducing ligand (TRAIL), lipopolysaccharides (LPS) activating their receptors, RIP1 is deubiquitinated by cylindromatosis (CYLD). Then RIP1 is released into cytoplasm, and forms Complex I with TNFR-associated death domain (TRADD), TNFR-associated factors (TRAFs), cellular inhibitor of apoptosis proteins (CIAPs), CYLD, and so on. When Caspase-8 is activated, it cleaves RIP1 and RIP3, and then leads to apoptosis through the formation of Complex IIa. Conversely, when Caspase-8 is inhibited or deleted, it phosphorylates RIP1. Phosphorylated RIP1 and RIP3 then form the necrosome (also called Complex IIb) containing RIP1, RIP3, TRADD and Fas-associated death domain (FADD), initiating necroptosis. Ultimately RIP1/RIP3 promotes programmed necrosis through regulating PARP-AIF pathway. The hyperactivation of PARP leads to the excessive generation of poly (ADP-ribose) (PAR), which rapidly exhausts intracellular nicotinamide adenine dinucleotide (NADþ) and ATP. Subsequently, AIF is released from the depolarized mitochondria, translocates to the nucleus, and then binds with DNA to promote caspase-independent chromatinolysis.
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revealed that inhibiting apoptosis could increase necroptosis.
There have been previous studies reporting that ROS, as an intracellular second messenger, take part in necroptosis as the downstream molecule of RIP1 and RIP3. 37, 49 Moreover, it has been long recognized that excessive ROS induces DNA damage, which results in PARP activation to repair it. 19 Then, the overactivation of PARP brings about mitochondrial ATP depletion, leading to a decrease in DCm and an increase in the opening of mitochondrial permeability transition pore (MPTP), eventually causing an increase in the release of AIF. 16 In our study, we found that inhibiting necroptosis evidently reduced intracellular ROS levels and raised DCm levels, which indicated that the PARP-AIF pathway might be a downstream component of RIP1/RIP3-mediated programmed necrosis in H 2 O 2 -induced NP cells death. In addition, oxidative stress has been shown to induce cell death in human bone mesenchymal stem cells (BMSC) and hepatocellular carcinoma cells through PARP hyperactivation-mediated necroptosis. 18, 50 However, there have been no reports indicating whether the PARP-AIF pathway is involved in H 2 O 2 -mediated NP cells death.
To further clarify the underlying molecular mechanism, we evaluated whether the PARP-AIF signaling pathway involved in programmed necrosis or not. In our study, we found that H 2 O 2 increased PARP hyperactivation, PAR accumulation, and the translocation of AIF from the mitochondria to the nucleus. What is more, inhibiting RIP1 activation with Nec-1 can markedly increase the protein level of PARP and decrease PARP activity. Additionally, transfection with the RIP3-siRNA can reduce both the protein level of PARP and PARP activity, while RIP1-siRNA produces the opposite effect. Subsequently, when DPQ inhibited PARP activation, the release of AIF from the mitochondria was evidently blocked. Eventually, the knockdown of AIF efficiently reduced the NP cell necrotic death owing to H 2 O 2 exposure. As a consequence, we prove that H 2 O 2 induces PARP hyperactivation-mediated AIF translocation, which is regulated by RIP1 and RIP3 in rat NP cells.
In conclusion, under oxidative stress condition, RIP1/RIP3 axis-mediated programmed necrosis was comprehensively confirmed in NP cell death and was found to be mediated by the PARP-AIF signaling pathway. To our best knowledge, this is the first study to identify the existence of RIP1/RIP3 mediated necroptosis and explore the underlying mechanisms in NP cells death induced by oxidative stress. These findings are expected to provide new strategies and targets for the prevention and treatment of IVDD. Given that there are some limitations in the study, more in-depth studies involving human, in vivo experiments, annulus fibrosus cells, 3-dimentional culture, and hypoxic condition are needed to be taken into consideration in the future.
